Introduction {#Sec1}
============

Porcine reproductive and respiratory syndrome (PRRS) is one of the most important diseases of swine. It is characterized by severe reproductive failure in sows, and respiratory distress in piglets and growing pigs (Pejsak and Markowska-Daniel [@CR23]). The PRRS virus (PRRSV), the causative agent, is a positive-strand RNA virus belonging to the family *Arteriviridae* (Meulenberg [@CR20]). This family also includes murine lactate dehydrogenase-elevating virus (LDV), equine arteritis virus (EAV) and simian hemorrhagic fever virus (SHFV) (Meulenberg [@CR20]). Currently, PRRSV isolates can be divided into two distinct groups, which are represented by Lelystad virus in Europe and VR-2332 in the United States, respectively (Wensvoort et al. [@CR29]; Benfield et al. [@CR4]). The viral genome contains nine open reading frames (ORFs): ORF1a, ORF1b, ORF2a, ORF2b and ORFs3-7 (Wu et al. [@CR31]).

Nitric oxide (NO) is a highly reactive molecule generated by nitric oxide synthase (NOS), which converts L-arginine to citrulline and NO (Moncada et al. [@CR21]). The NO molecule mediates numerous physiological functions as a vasodilator, neurotransmitter, immune regulator, antimicrobial and antiviral agent (Bogdan [@CR6]; Cherayil and Antos [@CR9]; Reiss and Komatsu [@CR25]). In addition, NO plays an important role in the defense against herpes simplex virus type 1, vesicular stomatitis virus, Japanese encephalitis virus, murine hepatitis virus, vaccinia virus, influenza virus, and severe acute respiratory syndrome coronavirus (Åkerström et al. [@CR1]; Bi and Reiss [@CR5]; Harris et al. [@CR12]; Lin et al. [@CR19]; Pope et al. [@CR24]; Rimmelzwaan et al. [@CR26]). Moreover, NO also participates in immune responses and possesses inhibitory properties against various pathogens (Harris et al. [@CR12]; Lin et al. [@CR19]; Pope et al. [@CR24]).

N-acetylpenicillamine (NAP) is the acetylated form of D-penicillamine (DPA). In some experiments, due to the absence of NO-donating S-nitro group, NAP was used as the negative control for NO donor SNAP. DPA is a potent metal chelator and belongs to the amino acids containing a thiol group. DPA can be used as antidotes for toxic metals, such as mercury poisoning. NAP, the acetylated DPA, retains these properties. To date, NAP is only used as the negative control for SNAP to study the inhibitory effect of NO on virus replication in previous studies, and its antiviral activity was not reported.

In the present study, we first investigated the potential inhibitory effect of NO on PRRSV replication in Marc-145 cells. Although exogenous NO was released by NO donor, SNAP, in Marc-145 cells, the replication of PRRSV remained unaffected. Unexpectedly, NAP exhibited an inhibitory effect on PRRSV replication. Therefore, this intriguing inhibitory effect of NAP on PRRSV replication was further investigated.

Materials and methods {#Sec2}
=====================

Virus and cells {#Sec3}
---------------

PRRSV strain YA1 used in this study was isolated from lungs of field pigs at the acute stage of PRRSV infection in China in 2001 and later identified as a highly virulent North American type isolate. The PRRSV was propagated and titered in Marc-145 cells.

Reagents {#Sec4}
--------

SNAP (a NO-producing compound), NAP (a negative control for SNAP due to the absence of NO-donating S-nitroso group) and DPA (an analog of NAP without N-acetylation) were purchased from Sigma (USA). The solutions were prepared by dissolving 5 mM SNAP, NAP and DPA into dimethyl sulfoxide-H~2~O with a ratio of 10:47 in volume and stored at −70 °C for the future experiments.

Measurement of NO concentration {#Sec5}
-------------------------------

The amount of NO produced in medium was determined by measuring its stable form, NO~2~^-^ (Lin et al. [@CR19]). The sample was added with equal volume of Greiss reagent (1% sulfanilamide, 0.1% N-1-naphthylethy-lenediamine and 5% H~3~PO~4~) (Sigma, USA) and incubated in 96-well microtiter plates at room temperature for 10 min. The color development was measured at the wavelength of 540 nm with an automated microplate reader (Model EL309; Bio-Tek, Inc, USA).

MTT assay for cytotoxicity {#Sec6}
--------------------------

Cell cytotoxicity was determined by standard MTT assay with appropriate concentrations of different reagents (Lin et al. [@CR19]).

Virus infection and titer determination {#Sec7}
---------------------------------------

In order to infect cells with PRRSV, Marc-145 cells in 24-well plates were first incubated with PRRSV at a multiplicity of infection (MOI) of 0.05 at 37 °C for 1 h. Then, unbound viruses were removed by washing with PBS (pH 7.4) for three times, and fresh medium was added to each plate for further incubation at 37 °C. During experiments, the culture medium was supplemented with 100, 200 and 400 μM SNAP, NAP or DPA. The medium containing the same concentrations of agents were replenished every 6--8 h during the culture period. As a negative control, the solvent alone (dimethyl sulfoxide-H~2~O) was added to the culture medium. Infectious PRRSV in the supernatant was quantitatively evaluated by plaque-forming assay in Marc-145 cells. Various virus dilutions were added to the monolayer of Marc-145 cells and incubated at 37 °C for 1 h. After the incubation, the cells were washed with PBS (pH 7.4) and overlaid with 1% methyl cellulose containing DMEM F-12 medium plus 2% FBS. After an incubation of 4 days, the cells were stained with 0.5% crystal violet.

Semi-quantitative RT-PCR {#Sec8}
------------------------

Total RNA was extracted from Marc-145 cells with TRIzol® reagent (Omega, USA) according to the manufacturer's instruction. RT-PCR was performed with One-Step RNA PCR kit (AMV) (TaKaRa, Japan). The primer pair for PRRSV ORF7 was as follows: P7-1, 5\'-CCCCTAGTGAGCGGCAATT-3\'; and P7-2, 5\'-AGTCCCAGCGCCTTGATTAA-3\'. The housekeeping gene, β-actin gene, was used as a constitutively-expressed control. Its primers were as follows: pβ-actinF, 5\'-ACTGTGCCCATCTACGAG-3\'; and pβ-actinR, 5\'-GTTGCGTTACACCCTTTC-3\'. The 430-bp ORF7 fragments were visualized and photographed under UV illumination.

Western blot analysis {#Sec9}
---------------------

The cells were washed twice with PBS (pH 7.4) and lysed in lysis buffer (20 mM Tris-HCl \[pH 7.6\], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate \[SDS\]). Solubilized proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins in the gel were transferred to a nitrocellulose membrane and probed with rabbit hyperimmune sera against N protein followed by horseradish peroxidase-conjugated goat anti-rabbit IgG (Southern Biotechnology). The housekeeping gene, β-actin gene, was used as a constitutively-expressed control in Western blot. Blots were developed by the enhanced chemiluminescence Western blot detection system (Amersham) and directly exposed to image in Molecular Image Station 2000MM (Kodak).

Indirect immunofluorescence analysis {#Sec10}
------------------------------------

After the treatment with/without chemicals and PRRSV infection, the infected cells were detected with rabbit anti-PRRSV N protein polyclonal antibodies as described previously (Tian et al., [@CR27]). The labeled cells were examined by fluorescence microscope (Olympus IX70, Japan).

Results {#Sec11}
=======

Effects of SNAP and NAP on PRRSV infection {#Sec12}
------------------------------------------

In order to investigate NO release in Marc-145 cells after SNAP treatment, the cells were treated with different concentrations of SNAP and NAP or culture medium over a period of 12 h. Cell culture supernatants were collected and NO production were measured. After SNAP treatments, the release of NO in medium was observed in a concentration-dependent manner, but neither NAP nor culture medium released a detectable amount of NO. All drug treatments did not exhibit any negative impact on cell growth by MTT assay.

Compared with untreated cells, SNAP could not inhibit PRRSV replication in Marc-145 cells based on the NO release. Unexpectedly, NAP, the "commonly used" negative control for NO-donor SNAP had a significant antiviral activity against PRRSV replication (Fig. [1a](#Fig1){ref-type="fig"}) at low infectious dose (MOI = 0.05). The inhibitory effect was observed from 6 to 105 h post-infection. At 35 h post-infection, virus titer was decreased from 1260 to 190, 110 and 50 pfu/1 ml under 100, 200 and 400 μM NAP treatments, respectively. However, the inhibition effect was lost at higher infectious doses (MOI = 0.1 and 0.5) (Fig. [2](#Fig2){ref-type="fig"}). In order to investigate the inhibitory kinetics of NAP on PRRSV replication and its inhibitory mechanisms, the optimal inhibition conditions were also investigated. In our experiments, inhibition analysis of NAP on PRRSV replication was carried out by 400 μM NAP at low infectious dose (MOI = 0.05). Fig. 1Kinetics of PRRSV production in infected cells with NAP treatments. **a** Effect of SNAP and NAP on PRRSV replication in Marc-145 cells. PRRSV-infected cells (MOI = 0.05) were treated with SNAP or NAP at the concentrations of 0, 100, 200 and 400 μM. Cell supernatant was harvested and virus titers were determined by phage-forming assay. **b** Effect of NAP on PRRSV replication in host cells. The cells were incubated with NAP for 2 h prior to infection. **c** Comparative analysis for inhibition effect of NAP and DPA on PRRSV replication Fig. 2The inhibitory effect of NAP on PRRSV growth at the higher infectious doses (MOI = 0.1 and 0.5). The inhibition effect of NAP at the concentrations of 0, 100, 200 and 400 μM on PRRSV replication at the higher infectious doses was investigated. **a** MOI = 0.1, **b** MOI = 0.5

Kinetics of PRRSV production in infected cells with NAP treatments {#Sec13}
------------------------------------------------------------------

The inhibitory effect of NAP in Marc-145 cells was investigated by determining the kinetics of PRRSV production under different NAP treatments. Approximately 50-fold decrease of virus yield in PRRSV-infected cells was observed in the presence of 400 μM NAP, as shown in Fig. [1a](#Fig1){ref-type="fig"}. At the early stage of experiments, NAP could completely inhibit the detectable propagation of PRRSV. The inhibitory effect on viral release was observed in a concentration-dependent manner of NAP. However, it lost at higher infectious doses (MOI = 0.1 and 0.5) (Fig. [2](#Fig2){ref-type="fig"}). In order to investigate inhibitory kinetics of NAP on PRRSV and inhibition mechanisms, the optimal condition was also investigated in following tests. The analysis of NAP inhibitor to PRRSV was conducted using 400 μM NAP at a low infectious dose (MOI = 0.05). The inhibitory kinetics of NAP to PRRSV was stable and easily observed which provided sufficient conditions for analyzing inhibitory mechanisms. Meanwhile, to better understand the inhibition mechanism of NAP, the inhibition of DPA, an analog of NAP without N-acetylation, was also investigated.

When the cells were incubated with NAP for 2 h prior to the infection, total virus yield remained unaffected (Fig. [1b](#Fig1){ref-type="fig"}), indicating that NAP had no effect on the capability of host cells to support subsequent viral replication. Compared with the inhibitory effect of NAP, PRRSV remained unaffected by DPA (Fig. [1c](#Fig1){ref-type="fig"}).

Effect of NAP on PRRSV RNA synthesis {#Sec14}
------------------------------------

In order to investigate whether NAP treatments reduce the amount of viral RNA in infected cells, total RNA was extracted from infected Marc-145 cells with or without NAP treatment. As shown in Fig. [3a](#Fig3){ref-type="fig"}, the amount of viral RNA was significantly reduced at 36 h post-infection, indicating that NAP could decrease viral RNA in a dose-dependent manner. Fig. 3Effect of NAP on PRRSV specific RNA and protein synthesis. Marc-145 cells infected with PRRSV were treated by NAP at the concentration of 0, 100, 200 and 400 μM. ORF7 of PRRSV was detected by RT-PCR to evaluate the amount of viral RNA. Beta-actin was detected as a housekeeping gene. N protein of PRRSV was detected by Western blot and IFA using polyclonal antibody against N protein. **a** The product of RT-PCR was photographed under UV illumination and analyzed by gel layer scanning. **b** The expression level of N protein was analyzed by Western blot. **c**--**e** N protein was evaluated by indirect immunofluorescence analysis in PRRSV-infected Marc-145 cells without treatments (**c**), PRRSV-infected Marc-145 cells with NAP treatment (**d**) and mock-infected cells (**e**). Magnification, 200×

Effect of NAP on PRRSV protein synthesis {#Sec15}
----------------------------------------

Since NAP could reduce the yield of viral RNA, a significant inhibitory effect on viral protein synthesis should be observed. At 36 h post-infection, N protein expression level of PRRSV was examined by Western blot with a polyclonal antibody against N protein (Fig. [3b](#Fig3){ref-type="fig"}). Beta-actin expression was used as the loading control. In addition, as shown by immunofluorescence analysis (IFA) (Fig. [3c--e](#Fig3){ref-type="fig"}), compared with PRRSV-infected cells without treatment, NAP treatments on PRRSV-infected cells resulted in an obvious decline in the number or intensity of stained cells against N protein.

Effector phase and reversibility of NAP inhibition {#Sec16}
--------------------------------------------------

NAP inhibition on PRRSV replication at the early and late phases of virus infection as well as its reversibility was also studied. At the inhibitory phase, NAP was added to infected cells at 1, 3 and 12 h post-infection. The viral yield was significantly reduced at 1 and 3 h post-infection (Fig. [4a](#Fig4){ref-type="fig"}). When NAP was added to infected cells at 1 h post-infection, virus titer was detected until 21 h post-infection. In contrast, at 12 h post-infection for adding NAP, the viral yield did not exhibit significant difference between treated and untreated-cells, which indicated that NAP inhibitory effect was abolished at this time point, and inhibitory effect of NAP could be achieved only at early phase of virus infection. Fig. 4The analysis of effector phase and reversibility of NAP inhibition. **a** Effector phase of NAP inhibition was investigated by adding NAP to infected cells at different time points post-infection. **b** Reversibility of NAP inhibition was detected. NAP was added to infected cells at 1 h post-infection and the NAP treatment was removed after 2 h by washing the cells. The cell culture was replenished in fresh medium without NAP. Virus titers were detected to compare infected cells with and without treatments at different time points post-infection

To determine the inhibition reversibility, NAP was added to the infected cells at 1 h post-infection and the treatment was removed after 2 h by washing the treated cells. The cell culture was then replenished in fresh medium without NAP treatment. The results showed that virus titers from NAP treated cells followed by washing treatment were similar to those of the controls (Fig. [4b](#Fig4){ref-type="fig"}). Therefore, the inhibitory effect was reversible.

Discussion {#Sec17}
==========

In this study, SNAP treatment was used to induce exogenous NO, but its inhibitory effect on PRRSV infection was not observed. Unexpectedly, NAP, originally used as the negative control of SNAP, exhibited an inhibitory effect on PRRSV replication in a concentration-dependent manner. NAP treatment could inhibit both PRRSV viral RNA and protein synthesis and its inhibitory effect was achieved at 1 to 3 h after virus infection. Moreover, the normal virus yield could be restored after the removal of NAP treatment.

NO was reported to be a crucial effector molecule against microorganism infection (Nathan and Xie [@CR22]). In addition, NO could modulate the gene expression of multiple signal transduction pathways (Huang et al. [@CR13]). Therefore, NO production or NOS expression profiling was often considered as an important index of immune responses against some pathogens (Gamba et al. [@CR11]). However, previous experimental evidences indicated that NO activity varied among different cells or tissues and NO formation could not be detected in porcine immune cells. In addition, NO level was not changed in lung macrophages of the PRRSV-infected pigs (Boissel et al. [@CR7]). Recently, the reports also confirmed that NO was not able to significantly inhibit PRRSV replication in vivo (Jung et al. [@CR15]). Exogenous or endogenous NO and inducible NOS expression exhibited no apparent antiviral effect on Sendai virus (Z strain) and influenza A virus (H2N2) in MDCK cells (Yoshitake et al. [@CR32]). Similarly, Our results demonstrated that sufficient NO production could not suppress the propagation of PRRSV in vitro. Based on these results, it is reasonable to propose that NO production or NOS expression profiling may not be a key index for the immune response to PRRSV.

Unexpectedly, we found that NAP, a structural analog of cysteine and a metal chelator, could inhibit the replication of PRRSV in Marc-145 cells. Due to NAP treatment, a significant reduction of viral yield and a remarkable inhibition of both viral RNA and protein synthesis were observed. However, the inhibitory activity was not attributed to the involvement of Marc-145 cells. NAP could result in the maximal inhibitory effect on the replication of PRRSV at the 1 h post-infection and total abolishment of PRRSV replication at 12 h post-infection. This observation strongly suggested that NAP only interrupted PRRSV replication during the early phase of virus infection. The inhibitory effect was reversible, and the normal virus yield could be recovered after the removal of the drug. In addition, DPA, an analog of NAP with the free amino group, could not inhibit PRRSV replication (Fig. [1c](#Fig1){ref-type="fig"}). The results indicated that acetylation may play an important role on PRRSV replication.

Previous studies demonstrated that DPA could prevent trans-activation of human immunodeficiency virus type-1 (HIV-1) LTR (Chandra et al., [@CR8]). A docking study further revealed a selective binding of DPA to the cysteine-rich region of TAT protein in HIV (Kanyalkar et al. [@CR16]). Here we found that the inhibitory activity of NAP and the inactivity of DPA on PRRSV replication. These results enriched our understanding of NAP and DPA, although the exact mechanisms of inhibition by NAP still need to be further studied.

The inhibitory effect may result from the disruption of disulfide bonds by the free thiol group of NAP. Because the thiol group of SNAP is nitrosated, SNAP exhibits no disulfide reducing activity (Fig. [5](#Fig5){ref-type="fig"}). Disulfide bonds play an important role in assembling and stabilizing viral capsid structure of several viruses with icosahedral nucleocapsids (Jeng et al. [@CR14]; Li et al. [@CR18]; Wootton and Yoo [@CR30]). Human cytomegalovirus and vesicular stomatitis virus (VSV) are also demonstrated to be vulnerable to sulfhydryl reagents (Baum et al. [@CR2]; Beatrice and Wagner [@CR3]). Alternatively, the inhibitory effect of NAP on PRRSV replication could be related to its metal chelating properties. It was reported that the replication of human immunodeficiency virus (HIV), hepatitis C virus (HCV) and flavivirus can be inhibited by different chelating agents (Chyan-Jang et al. [@CR10]; Koch et al. [@CR17]; Van-Asbeck et al. [@CR28]).The exact inhibitory mechanisms of PRRSV replication need to be verified. Fig. 5The chemical structures of DPA (**a**), NAP (**b**) and SNAP (**c**)

In summary, our studies provide two crucial evidences. First, NO have no effect on PRRSV replication in Marc-145 cells. Second, NAP can inhibit the replication of PRRSV. These findings could contribute to the development of effective anti-PRRSV agents.
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